Metabolic syndrome (MetS) is an established predisposing condition for type 2 diabetes mellitus (T2DM). However, it is not thoroughly evaluated whether MetS increases the risk of T2DM in women with a previous history of gestational diabetes mellitus (GDM) who already at high risk of T2DM compared with the general population. We investigated the impact of MetS on the development of postpartum diabetes in women with a history of GDM.
Introduction
Metabolic syndrome (MetS) is a well-established predisposing condition for type 2 diabetes (T2DM) in general population. It is a constellation of risk factors for atherosclerotic cardiovascular disease and insulin resistance is regarded as the most important underlying pathophysiology. [1] Numerous studies have demonstrated that people with MetS have increased risk of developing T2DM compared with the general population. [2] [3] [4] In the Framingham Offspring Study, MetS increasedthe risk of T2DM by nearly 7-fold in both men and women. [4] In addition, the risk of T2DM was increased by 5-fold even without impaired fasting glucose (IFG). [4] Gestational diabetes mellitus (GDM), which is defined as carbohydrate intolerance with onset or first recognition during pregnancy, [5] also increases the lifetime risk of type 2 diabetes mellitus (T2DM). Women with a history of GDM have more than a 7-fold increased risk of developing T2DM compared with those without a history of GDM. [6] In Korean women, the risk of developing T2DM is 3.5 times greater in women with a history of GDM than in the general population. [7, 8] Because of this high incidence of T2DM, the identification and prediction of high-risk groups for T2DM are crucial for women with a history of GDM.
MetS and GDM share common clinical features. Women with a history of GDM tend to have higher prevalence of obesity, higher blood pressure, hyperglycemia, and dyslipidemia than women without a history of GDM. [9] [10] [11] The prevalence of MetS is increased by 3-to 4-fold in women with a history of GDM. [12] Reciprocally, MetS also increases the risk of GDM. It was reported that women with MetS in early gestational period have a 3.17-fold increased risk of developing GDM. [13] However, it is not thoroughly evaluated whether MetS increases the risk of T2DM in women with a previous history of GDM who are already at high risk of T2DM.
Considering this increased risk of T2DM in MetS and GDM and their interconnected nature, it would be of interest to investigate whether, and to what extent, MetS has an additional independent impact on the risk of T2DM in women with a history of GDM. We aimed to investigate the association of MetS with development of T2DM in Korean women with a previous history of GDM. In addition, we compared the effect of MetS and IFG on the development of T2DM in these women.
Materials and methods

Study subjects
This was a multicenter, prospective study of women with a previous history of GDM or gestational impaired glucose tolerance (GIGT). The subjects were recruited from August 1995 to May 1997 at 4 centers in Korea from among women who underwent screening for GDM. The diagnosis and follow-up protocol was described in previous reports. [14] Briefly, all pregnant women who were between 24 and 28 weeks of gestation were administered a 50 g oral glucose challenge test for the initial screening of GDM. Women with 1 h glucose levels ≥7.2 mmol/L were considered to be positive for the initial GDM screening and were administered a 3 h 100 g oral glucose tolerance test (OGTT) at 28 to 32 weeks of gestation. GDM and GIGT were diagnosed based on the criteria of the Third International Workshop-Conference on Gestational Diabetes Mellitus. [5] The criteria for glucose measurements were a fasting plasma glucose ≥5.8 mmol/L, 1 h glucose ≥10.6 mmol/L, 2 h glucose ≥9.2 mmol/L, and 3 h glucose ≥8.1 mmol/L. Two or more positive results were confirmatory for GDM and 1 positive result for GIGT. The first postpartum evaluations, including the 75 g OGTT, were performed at 6 weeks postpartum and follow-up evaluations were completed annually thereafter. The subjects were diagnosed with T2DM when the results of the75 g OGTT showed fasting plasma glucose levels ≥7.0 mmol/L or 2 h plasma glucose levels ≥11.1 mmol/L. [15] A total of 1050 women with GDM or a single positive result in the 100 g OGTT and who completed the initial postpartum evaluation were eligible for this study. Women who were diagnosed with diabetes mellitus at the initial postpartum visit were excluded (n = 113). Among the remaining 937 subjects, 418 completed further follow-up evaluations more than once. Finally, 412 subjects were included for the analysis after the exclusion of 6 subjects with missing data for either blood pressure or plasma lipid measurements.
All participating women provided written informed consent. This study protocol was approved by the Institutional Review Board of Seoul National University Bundang Hospital (IRB Number: B-1508/310-116) and conducted according to the Declaration of Helsinki. [16] 
Postpartum evaluations
A face-to-face interview and physical examination by trained staff using a standardized protocol were conducted at each postpartum evaluation. Medical and reproductive history and lifestyle factors, including exercise and smoking, socioeconomic status, and educational level, were recorded. Height and weight were measured while the subjects were barefoot and wearing lightweight clothing. Waist circumference was measured at the level of the umbilicus. Body mass index (BMI) was calculated by dividing weight (kg) by the square of height (m). Blood pressure was measured in the left arm after 10 min of rest in the supine position with a mercury sphygmomanometer (Baumanometer, Baum, Copiague, NY) and averaged from 3 measurements. Family history of diabetes was considered positive if any firstdegree relatives had diabetes. Physical activity was assessed at each postpartum evaluation and was classified as mild, moderate, or vigorous. [17] The subjects with moderate or vigorous physical activity were considered to be physically active. [18] Laboratory assessment included the 75 g OGTT, serum insulin and C-peptide levels, and a fasting serum lipid profile (total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides). After 8 to 12 h of overnight fasting, all subjects underwent the 2 h 75 g OGTT. Fasting, 30 min, 1 h, 90 min, and 2 h blood samples were obtained.
Plasma glucose levels were measured using the glucose oxidase method (YSI 2300-STAT; YSI Life Sciences, Yellow Springs, OH). Plasma insulin was measured by radioimmunoassay (Linco Research Inc., St. Louis, MO). Total cholesterol and triglyceride levels were determined using an enzymatic assay (Beckman analyzer, Beckman Instruments, Brea, CA). HDL cholesterol levels were measured using the direct Sigma EZ-HDL assay (Sigma Diagnostics, St Louis, MO). LDL cholesterol levels were calculated using the Friedewald equation [19] in subjects with serum triglyceride levels 4.5 mmol/L.
To assess insulin sensitivity, the Matsuda index was calculated as 10,000/ p (fasting glucose * fasting insulin * mean glucose * mean insulin). [20] The insulinogenic index (IGI) ((insulin at 30 min À insulin at 0 min)/(glucose at 30 min À glucose at 0 min)) was calculated to estimate insulin secretion, and the disposition index (Matsuda index * IGI) was calculated to assess insulin secretion considering the degree of insulin sensitivity. [21] 
Definition of metabolic syndrome
The diagnosis of MetS was made at the first postpartum evaluation according to the revised criteria of the National Cholesterol Education Program (NCEP) definition [22] using the Asian criterion for waist circumference. [23] MetS was diagnosed when 3 or more of the following criteria were met: waist circumference ≥80 cm, systolic blood pressure ≥130 mm Hg or diastolic blood pressure ≥85 mm Hg, triglyceride level ≥1.7 mmol/L, HDL cholesterol level <1.29 mmol/L, and fasting plasma glucose ≥5.6 mmol/L.
Statistical analysis
Data are expressed as means ± standard deviations for continuous variables or as percentages for categorical variables. The subjects were classified based on the diagnosis of MetS at the initial postpartum evaluation. The differences between the subjects with MetS and those without MetS were tested using Student t test for continuous variables and chi-squared test for categorical variables. The Masuda index, IGI, and disposition index showed skewed distribution, and the statistical tests were performed using log transformed values. A Cox proportional hazards model was used to determine the independent risk factors for the development of T2DM. Subjects were censored at the onset of diabetes or at the last postpartum evaluation. In the first multivariate Cox model, the established risk factors for T2DM (age at delivery, postpartum BMI, family history of diabetes, and physical activity) were included as covariates. In the second Cox model, the covariates of the first model and pregnancy associated parameters (breast feeding, multiparity, and fasting plasma glucose during pregnancy) were included. Lastly, the covariates of the first and second models and metabolic parameters (the Matsuda index and disposition index) were included in the third multivariate Cox model. Hazard ratios (HRs) are presented with their corresponding 95% confidence intervals (CIs) and P values. Results with P values lower than 0.05 were considered significant. The statistical analysis was performed using IBM SPSS Statistics for Windows, Version 22.0 (IBM, Armonk, NY).
Results
3.1. Baseline characteristics of subjects based on the presence of metabolic syndrome Table 1 summarizes the baseline characteristics of the women who participated in this study. Among the 412 women included in the analysis, 66 (19.1%) women had MetS at the initial postpartum evaluation. The frequency of each component in the diagnostic criteria of MetS was ranged from 8% (blood pressure criteria) to 46% (HDL cholesterol criteria) (Supplemental Table 1 , http://links.lww.com/MD/B220). The parameters included in the diagnostic criteria of MetS-waist circumference, blood pressure, triglyceride, HDL cholesterol, and fasting plasma glucose-were significantly higher in women with MetS, as expected. Other potential risk factors for diabetes, including age, family history of diabetes, physical activity, multiparity, and breast feeding, were not significantly different between women with and without MetS. Fasting plasma glucose levels during Table 1 Baseline characteristics of the subjects based on the presence of metabolic syndrome.
MetS (À) (n= 346)
MetS (+) (n = 66) P BMI = body mass index, GIGT = gestational impaired glucose tolerance, HDL = high-density lipoprotein, LDL = low-density lipoprotein, MetS (À) = subjects without metabolic syndrome at the initial postpartum evaluation, MetS (+) = subjects with metabolic syndrome at the initial postpartum evaluation.
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Metabolic parameters, the Matsuda index, and the disposition index were significantly lower in women with MetS.
Metabolic syndrome and development of T2DM
Over 1640 person-years of follow-up, 51 women developed T2DM. The overall incidence was 311 per 10,000 person-years. Among 346 women without MetS at the initial postpartum evaluation, 32 (9.2%) women developed T2DM, whereas 19 of 66 (28.8%) women with MetS developed T2DM. The estimated incidence was 227 per 10,000 person-years in women without MetS and 825 per 10,000 person-years in women with MetS (Fig. 1) .
In the univariate analysis using the Cox proportional hazards model, the presence of MetS, postpartum BMI, physical activity at the last postpartum evaluation, fasting plasma glucose during pregnancy, and insulin treatment during pregnancy were significantly associated with development of T2DM (see Supplemental Table 2 , http://links.lww.com/MD/B220, which shows the results of univariate analysis of risk factors). Among metabolic parameters, the IGI and disposition index were significantly associated with T2DM. The Matsuda index had an HR of 0.56, but did not reach statistical significance level (P = 0.068). Table 2 summarizes the results of the multivariate analysis to determine the independent risk factors for T2DM. In the first multivariate model, which was adjusted for established risk factors for T2DM, including age, postpartum BMI, family history of diabetes, and physical activity at the last postpartum evaluation, the presence of MetS had an HR of 4.35 (95% CI 2.15-8.78, P < 0.001). Even after adjustment for pregnancy associated factors (multiparity, breast feeding, fasting plasma glucose during pregnancy) (model 2), the presence of MetS had a significant impact on the development of T2DM (HR 2.97, 95% CI 1.39-6.33, P = 0.005). After further adjustment for metabolic parameters, including the Matsuda index and disposition index (model 3), the HR of MetS for the development of T2DM was 2.23 (95% CI 1.04-5.08, P = 0.040).
To assess whether the number of positive MetS criteria in each subject increases the risk of T2DM, in addition to the presence of MetS, we calculated the HR of the number of positive MetS criteria as a continuous variable. The risk of T2DM was significantly increased by the number of positive MetS criteria (HR 1.40, 95% CI 1.06-1.85, P = 0.018) after adjustment for age, postpartum BMI, family history of diabetes, physical activity at the last postpartum evaluation, multiparity, breastfeeding, and fasting plasma glucose during pregnancy. However, the statistical significance disappeared after adjustment for metabolic parameters (see Supplemental Table 3 , http://links.lww.com/MD/B220, which shows the result of multivariate analysis with MetS as a continuous variable).
We further investigated the association between each component of MetS and risk of T2DM. In univariate analysis, blood pressure ≥130/80 mm Hg, triglyceride ≥1.7 mmol/L, and fasting plasma glucose ≥5.6 mmol/L were associated with T2DM. In multivariate analysis, triglyceride and fasting plasma glucose criteria were still significantly associated with T2DM (Supplemental Table 4 , http://links.lww.com/MD/B220).
Independent and additive impact of IFG and MetS
Because IFG itself increases the risk of T2DM, [24] we attempted to compare the effect of IFG and MetS on risk of T2DM. We categorized the subjects into 4 groups: neither IFG nor MetS, MetS only, IFG only, and both IFG and MetS. When we compared the Matsuda index and disposition index in these subgroups, MetS only group showed decreased Matsuda index and preserved disposition index (see Supplemental Fig. 1 , http:// links.lww.com/MD/B220, which shows the Matsuda index and disposition index in subgroups). In contrast, IFG only group had a value of preserved Matsuda index and decreased disposition index (see Supplemental Fig. 1 , http://links.lww.com/MD/B220, which shows the Matsuda index and disposition index in subgroups). The incidence of T2DM was 154 per 10,000 personyears in the neither IFG nor MetS group, 565 per 10,000 personyears in the MetS only group, 725 per 10,000 person-years in the IFG only group, and 987 per 10,000 person-years in the both IFG and MetS groups (Fig. 2) . Compared with the neither IFG nor MetS group, the HRs of T2DM adjusted for clinical diabetes risk factors (age, postpartum BMI, family history of diabetes, physical activity) were 4.17 (95% CI 1.38-12.6, P = 0.012) for the MetS only group, 4.36 (2.10-9.09, P < 0.001) for the IFG only group, and 6.98 (95% CI 3.18-15.3, P < 0.001) for the both IFG and MetS groups (Table 3 ).
Discussion
In this prospective study, MetS was an independent risk factor for the development of T2DM in Korean women with a previous history of GDM. MetS increased the risk of T2DM by more than 4-fold after adjustment for clinical diabetes risk factors and more than 2-fold even after further adjustment for pregnancy associated factors and metabolic parameters. The number of positive MetS criteria in each subject was also significantly associated with the development of T2DM. Each positive component of MetS resulted in an incremental increase in the risk of T2DM by 40%.
MetS is an established risk factor for T2DM in the general population. [4, 25] In the Framingham Offspring Study of 1163 men and 1386 women, MetS, according to the revised NCEP criteria, increased the risk of T2DM by 6.92-and 6.90-fold in Figure 1 . Cumulative incidence of T2DM according to the presence of MetS. The Kaplan-Meier curves show the incidence of T2DM in subjects with or without MetS at the initial postpartum evaluation. The P value of the log-rank test was <0.001. MetS = metabolic syndrome, T2DM = type 2 diabetes mellitus.
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Medicine men and women, respectively, during 8 years of follow-up. [4] In another prospective cohort study, the HR of MetS for the development of T2DM was 3.30 after multivariate adjustment. [3] In our study, the risk of T2DM was increased by 2.97-fold after adjustment for clinical-and pregnancy-related parameters and was increased by 2.23-fold after additional adjustment for metabolic indices in women who had MetS at the initial postpartum evaluation. The effect size of MetS on T2DM in our study was somewhat small than in the general population. This may reflect that women with a history of GDM already have a high risk of T2DM. However, even in this high-risk population, MetS still had an additional impact on the development of T2DM.
Women with a history of GDM have decreased pancreatic beta cell function. [26] In our previous study, women who developed T2DM in the postpartum period had significantly lower beta cell function than women who retained normal glucose tolerance, and women who developed T2DM in the early postpartum period had even lower beta cell function than those who developed T2DM in the late postpartum period. [27] On the other hand, insulin resistance is considered the hallmark of MetS. [1] The indices of insulin sensitivity and beta cell function, the Matsuda index, and the disposition index, were significantly lower in women with MetS than women without MetS in our study. MetS, along with a history of GDM, may accelerate the development of T2DM by combining insulin resistance and beta cell dysfunction.
The inclusion of IFG, which is a well-known predisposing condition of T2DM, in the definition of MetS might be a confounding factor, especially when diabetes is the endpoint of the analysis. To discern the impact of IFG and MetS, we categorized subjects into 4 groups based on the presence of IFG and MetS. Interestingly, the IFG only group had decreased pancreatic beta cell function and preserved insulin sensitivity, while the MetS only group had decreased insulin sensitivity and preserved pancreatic beta cell function. In spite of different characteristics of these 2 groups, they had similarly increased risk of T2DM after adjustment for clinical diabetes risk factors. The group with both IFG and MetS had decreased insulin sensitivity and pancreatic beta cell function, and exhibited the highest risk of T2DM. This implies the independent and additive effects of MetS and IFG on the development T2DM. Insulin resistance and pancreatic beta cell dysfunction might underlie their differential impacts on the development of T2DM in women with a previous history of GDM.
Both pharmacologic and nonpharmacologic interventions have been shown to prevent or delay the development of T2DM. [28] Lifestyle interventions aimed at reducing weight, decreasing fat intake, and increasing physical activity reduced T2DM incidence by 58%. [29] These lifestyle interventions were shown to reduce insulin resistance and were also recommended for patients with MetS. [22] For women in the postpartum period, breast feeding is another nonpharmacologic intervention for reducing the risk of T2DM. [30] Each additional year of lactation reduced the maternal risk of T2DM by 15%. [31] In our study, maintaining moderate to vigorous physical activity was associated with a significantly lower risk of T2DM, even after adjustment for various diabetes risk factors. Breast feeding was also associated with a lower risk of T2DM, but this association lost statistical significance after adjustment for metabolic indices. The usual age when women get pregnant is lower than the age at which screening for diabetes is recommended by the American Diabetes Association or the Korean Diabetes Association. [32, 33] Thus, the postpartum evaluation is an opportunity for earlier detection and risk management for high-risk women. In our study, women who had MetS and a history of GDM exhibited an exceptionally high risk of T2DM. The aforementioned interventions to prevent the development of T2DM should be vigorously applied to these high-risk women.
There are several limitations to our study. First, more than 50% of subjects who underwent the initial postpartum evaluation did not have further follow-up evaluations. However, clinical and laboratory parameters, including the prevalence of MetS, age at delivery, and postpartum BMI, were similar between the groups with or without long-term follow-up (see Supplemental Table 5 , http://links.lww.com/MD/B220, which shows similar characteristics between the 2 groups). The subjects who had longterm follow-up generally represented the eligible subjects. Second, the subjects may not have fully recovered from pregnancy state at the initial postpartum evaluation, and this might affect the metabolic parameters of the subjects. The weight at the initial postpartum visit was higher than the prepregnancy weight by 1.6 kg (95% CI 1.3-1.9). The diagnosis of MetS may be different in the prepregnancy period. Our results should be confined to the diagnosis of MetS in the early postpartum period. In addition, we were not able to include normal control group with normoglycemic pregnancy in our analysis. We have previously investigated the risk of T2DM in women with a history of GDM compared with the general population. [8] In present study, we mainly focused on women with a previous history of GDM who are at high risk of future T2DM, and investigated whether MetS additionally increases the risk of T2DM.
In conclusion, our prospective study of women with a previous history of GDM showed that the presence of MetS in the early postpartum period had a significant impact on the development of T2DM. After adjustment for age, BMI, family history of diabetes, physical activity, and pregnancy-related and metabolic parameters, MetS was independently associated with T2DM. Given the additional risk due to MetS, women who have a history of GDM and are diagnosed with MetS in the early postpartum period should be counseled about the benefit of intervention to prevent or delay the development of T2DM. Table 3 Multivariate analysis of risk factors for the development of type 2 diabetes mellitus according to the presence of impaired fasting glucose and metabolic syndrome. 
